Abstract. During the joining process of complex body components in the automobile industry, dimensional accuracy is essential. In order to predict the behavior and to improve the geometrical quality of joined sheet metal parts during the welding and cooling process, a simulation method by means of finite elements is applied. This should be done in the early stage of the product's life cycle to reduce process adjustments, which are time and money consuming. In recent years the simulation of welding was basically feasible by models consisting of volume elements. This way the metallurgical phase transformation, which is responsible for the behavior of the treated parts during the cooling process, can be established for a specific material. The use of volumes has a negative influence on the calculation time and it is not applicable for sheet metals. Especially, if effects from previous forming processes are to be considered. Additionally, the application of shells can meet the requirements of an analysis of the effects of welding when the metallurgical material properties are taken into account. In this paper an example of a sheet metal (DC04, former St 14) will be examined with the aid of a finite element analysis. Firstly, a transient temperature field is calculated in a thermal simulation by applying a certain method. In this calculation only the thermal properties of the material are used. Secondly, the transient temperature field is used as the initial load for the thermo-mechanical analysis. The distortion and the residual stresses of the work piece can be calculated using thermo-mechanical properties and material phase transformations.
Introduction
The FEM-simulation of the thermal effects of joining processes, in order to calculate distortions and residual stresses, has been successfully established in the automobile industry over the past few years. In order to increase the accuracy of vehicle components during production, especially of body parts, and to reduce time and costs, digital methods should be applied to predict the product behavior during the welding process [1] . Moreover residual stresses caused by preliminary processes (e.g. forming) can be taken into consideration by applying computer aided methods [2] . In this way further processes (e.g. assembly) can be supported and the final product can be defined more precisely especially with respect to crash tests and structure behavior under operation conditions.
In the past, several authors studied the phenomena of the welding process with the aid of FEM. According to relevant studies on the calculation of the residual stresses caused by welding, low order cubic elements have been established rather than such of higher order [3] . There are however models used for finite element analysis of thin metals, which consist of both volumes and shells [4] [5] [6] .
In this paper the examination of a sheet metal (DC04) with the dimensions 200 x 56 x 1 mm 3 by means of laser beam welding is described. After a real welding process with a 3 kW high power diode laser -with Argon used as shielding gas -the weld seam geometry and the temperature on a spot near the weld were captured. By means of these results a method is applied to calculate the distortions on discrete models. The finite element analysis is used on two different models, one consisting of shells and the other of volumes and the results of the distortion is compared with measurements on the metal sheet.
Simulation of laser beam welding
The implementation of the thermal and thermo-mechanical simulation takes place separately. Firstly every time step of the transient temperature field is calculated and saved and is used later as input data for the calculation of the distortion. Although identical meshes must be used, the time increments of the two calculations can be varied, so that an optimal total calculation time could be achieved. However choosing relatively long time increments can be the reason for inaccuracy of the results. The disadvantage of this method is that the newly generated geometry during the thermomechanical calculation can not be coupled back into the geometry of the temperature field. The effect of coupling the mechanical with the thermal calculation will be neglected for the following analysis. This can lead to false results, if great distortions occur in the area of the weld seam, because of certain mechanical constraints, which produce great distortions in the area of weld. Further studies have shown that the coupling of thermal and mechanical effects is feasible [7] . A method of electrical and thermo-mechanical coupling has been introduced as well [8] . However these examples are based only on a viscoplastic material law and do not include phase transformations, which is sufficient for the behavior of material during the cooling process [9, 10] . This physical process is significant for the simulation of welding and is taken into consideration for the following analysis. Thermal calculation. The thermal calculation of the welding process is performed iteratively. After choosing the laser beam welding parameters of the process, the heat source (Eq. 1) and the energy losses due to convection and radiation (Eq. 2 and 3) are calibrated in the simulation in such way, so that the geometry of the weld seam (max. 7% variation of the area of the weld seam has been determined by applying a laser beam on steel sheets [11] ) and the transient thermal field matches those of the real process:
where The geometry of the weld can be measured from cross sections. The time variable thermal field can be determined by measuring the temperature in the area near the weld. After adjusting the parameters for the simulation on the measurements by applying several test calculations, the laser beam welding process can be accurately described. Thermo-mechanical calculation. After calculating the transient thermal field and the cooling process by means of FEM, the time discrete results of the metal sheet will be used as a transient thermal load for the thermo-mechanical calculation. In the fundamental equation (Eq. 4) of thermomechanics of elastic-viscoplastic continua the behavior of the material is shown [12] :
where q i,i is the heat carried off as loss of energy (related to surface area), σ d ij the deviatoric stress tensor, ε e i,i and ε vp ij the elastic and viscoplastic deformation and ξ the loss factor, ξ ≤ 1.0, which allows for the fact that not all inelastic deformation energy is dissipated in heat but that a part may appear in the microstructural change.
By additionally applying mechanical constraints, which correspond to the clamping condition of the process, and by considering the metallurgical phase properties (Fig. 1) , the distortion and the residual stresses are calculated.
Fig. 1. CCT-Diagram of DC04 provided by the material databank of ESI-Group
This paper refers exclusively to the distortion of sheet metal, which is compared to measurements of the distortion as a time function in specific points of the sheet metal. The thermal and the thermo-mechanical FEM-calculation are applied to models consisting on the one hand of volume elements and on the other hand of shells, in order to examine and validate the two methods.
Laser beam welding process
The experimental setup (Fig. 2) consists of the sheet metal to be welded, one thermal sensor and two distance sensors, the specific software and a measure interface device, the clamping mechanism and the laser robot. A certain cross section of the weld is to be produced. The laser beam penetrates deeply into the material and a weld with parallel sides (Fig. 3) is achieved in the cross section. This effect helps to avoid angular distortion and gain solely planar distortion. In this way the use of shells can be significant by calculating the distortions by means of the finite element analysis. The chosen process parameters are shown in Table 1 . The measurement results are used to calibrate the simulation parameters (temperature field) and verify the calculated results of distortion. 
FEM Calculation
After carrying out the laser beam welding process of the sheet metal, the measurements of the temperature field and the geometry of the weld cross section are used to calibrate the transient thermal load or "heat source". This represents an average value of the laser beam, which is moving over the sheet thereby transferring heat. By this approximation of the laser beam, various fluid dynamical effects in the molten zone are neglected. On the other hand by choosing a particular geometry of the moving heat source, effects of various welding processes can be reproduced, e.g. a heat source of cylindrical or conical form is suitable to model a weld through the thickness of sheet in case of laser beam welding. An appropriate heat source moving through the sheet metal is chosen to provide the weld geometry of the process (Fig. 3) . The area of the weld is meshed finely for both shell and volume models (elements of 0.25 mm length), so that the computation with high temperature gradients and phase transformations of material can converge to a solution. In the clamping area temperature constraints of about 25 °C are defined on the selected nodes. These constraints are introduced because great heat flow occurs in the direction of the clamping material (mostly non-isolated steel alloys). Moreover the convection and radiation constraints are taken into account using commercially available FE-routines by means of two-dimensional skin elements. By consideration of these boundary conditions a temperature field can be calculated, according to the welding process. The adjustment of the heat source can be achieved more reliably using volumes. Thereby three dimensional effects (e.g. the weld form in cross section) can accurately be modeled. Moreover the temperature field, which is measured on the surface of the sheet, can be illustrated more precisely by a model using volumes. A shell model includes merely the information of plane which is placed in the middle of the sheet. By using shells these simplifications may have a significant influence on the results. However, by modeling a weld like the one in Fig. 3 , such effects can be neglected. The computational analysis is done by means of both volumes and shells. The results are illustrated in Fig. 4 . The maximum temperature in the diagram occurs at about 1.5 s after the energy input. This time delay is caused by heat conduction phenomena. This effect can be seen in both the measurement and the simulation results. In the end the mechanical calculation is performed by means of the clamping conditions, as shown in Fig. 2 . The x, y and z degree of freedom are clamped for those nodes, which are in the area left of the sheet, which means that no translatory motion of the selected nodes occurs. The right side of the sheet is not fixed, so that distortion can be measured. The results as a function of time (time base 50 s) including the welding and the cooling process for the transverse (x-direction) and longitudinal (y-direction) distortion are shown in Fig. 5 and 6 . 
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The thermal and thermo-mechanical calculation of the sheet metal model was performed with the finite element code SYSTUS/SYSWELD. 
Discussion of results and conclusion
At the authors´ institute the investigation of the thermal effects during the welding process is undertaken to develop efficient methods for industrial application. Qualitative tendencies of the distortional behavior are the main scope of the simulation. In this context the mere use of shell element can provide an alternative method to arise efficiency by the calculation of distortion of sheet metals. This paper presents the comparison between two different modeling methods and validates the results.
The use of shells for the transient finite element analysis of laser beam welding provides reasonable results. The calculated results show a sufficient tendency to measurements. The cross section form of the weld seam matches very well the thermal calculation of the molten zone (Fig. 3) .
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The results of the temperature on a point 4 mm from the weld seam center (Fig. 4) shows a maximum deviation of about 3% between the calculation method using shell and the one using volumes. The deviation between calculation and measurements has a maximum value of 14%. Between the two calculation methods by means of shells and volumes a deviation of only 7% is achieved for the calculation of the transverse distortion (Fig. 5) . The deviation of calculation and measurements however is about 65%. By the calculation of the longitudinal distortion (Fig. 6 ) the deviation of both analysis methods is about 40%. The deviation between the calculation with shells and the measurements is about 60%. On the other hand, however, the deviation between the analysis with volumes and the measurements is in this case 30%. This shows that the analysis by means of volumes is generally more reliable. Nevertheless sheet metal models consisting of shells provide results which show tendency to the measurements sufficiently in respect to industrial applications.
Simplifications of modeling and calculation and the inaccuracy of the material data can influence the results. For example by using an average "heat source" as a model of the laser during the welding process, microscopic unstableness and fluid dynamical effects in the molten zone are not considered, which may effect the accuracy of the results. Moreover overbead and undercutting effects of the material in the weld zone was not considered during the meshing of the model neither with shells nor with volume elements (Fig. 3) . Additionally no back coupling of the mechanical to the thermal calculation was considered and eventual residual stresses in the sheet metal were neglected. Not to take angular distortion effects into consideration proved to be a correct assumption, because the calculation by means of volumes provides only a negligible angular distortion compared to transverse and longitudinal shrinkage.
It is important to remark that the measurements may have a significant inaccuracy (up to 50%). This depends on various measurement parameters (e.g. voltage, signal), influence of the environment and the fact that the distortion to be measured was of negligible dimension (µm), which is closed to the resolution of the sensors used to measure the distortion (Fig. 2) . Nevertheless the measurements can be used for a qualitative validation of the simulation method.
This brief study of the simulation of laser beam welding effects of sheet metal leads to the following conclusions: By means of shells a calculation of acceptable results of distortion is achieved. The calculated results using shells match the results of the calculation by means of volumes and the measurements with a certain deviation. The finite element analysis on shells requires a total of 2 hours on a Pentium III processor for the workpiece described above. This computing time is about 50% shorter compared to the calculation using volumes. Usage of shell models can be significant for the calculation of thermal effects of welding especially in case of complex 3-dimensional sheet metal parts and if residual stresses of previous process should be considered.
